Abstract -The present work analyses the carbon dioxide absorption process in aqueous n-alkylpyrrolidones solutions, from the point of view of hydrodynamic studies as well as mass transfer, using a bubble column contactor. An analysis of the influence of solute concentration and gas flow-rate is complemented by the study of the effect caused by the alkyl group on the hydrodynamics and mass transfer. The presence of this kind of substance produces a decrease in mass transfer rate, but on the basis of interfacial area and mass transfer coefficient values, ethyl-2-pyrrolidine (EP) shows suitable characteristics to replace methyl-2-pyrrolidine (MP) in gas separation processes due to its lower safety problems.
INTRODUCTION
In the last years, acidic gas separation in industrial streams has been commonly performed by gasliquid absorption using different types of contactors. This kind of separation can be done using physical solvents such as water, methanol (Rectisol process) or 1-methyl-2-pyrrolidone (Lurgi's Purisol process), or by a gas-liquid chemical reaction (reactive absorption) for example: potassium carbonate (Benfield process), -monoethanolamine (Girbotol process), Sulfolan + diisopropanolamine (Shell's Sulfinol process) (Kohl and Nielsen, 1997) or amine blends (Bonenfant et al., 2007; Bishnoi and Rochelle, 2002) .
Being more specific, the Purisol process, that employs 1-methyl-2-pyrrolidone as solvent, was first applied to natural gas sweetening; however, this procedure has shown higher importance in other processes such as in the hydrogen purification process. These procedures are based on physical absorption-desorption cycles of pollutant gases, differing from other processes that involve a heterogeneous chemical reaction between the gas and liquid phases. The Purisol process has been carefully analysed for its use in power stations (Schütz et al., 1992) , for desulphurization and also for carbon dioxide capture. The regeneration process of the solvent can be performed by means of pressure changes to desorb the pollutant gases. This avoids the thermal regeneration necessary in chemical absorption, which produces liquid phase degradation (Supap et al., 2009) and increases the energetic costs. Due to the use of aqueous 1-methyl-2-pyrrolidone solutions for the carbon dioxide absorption process, we have carefully analysed in this work the absorption of this gas in these aqueous solutions. Besides, we have also used other cyclic amides, such as 2-pyrrolidone and 1-ethyl-2-pyrrolidone, to evaluate the differences between the effects caused by these solvents on the absorption process in bubbling equipment, analyzing the hydrodynamic and the mass transfer processes. 1-Methyl-2-pyrrolidone has very negative hazard characteristics (irritation of skin, eyes and respiratory tract and also may damage the unborn child) in comparison with the other amides used in present research work. Also, 1-methyl-2-pyrrolidone is a candidate included in the European Chemical Agency (ECHA) list of Substances of Very High Concern (SVHC). Cyclic amides have shown interesting characteristics as high density, high boiling point and high polarity solvents, which allow their usability at an industrial level (Noll et al., 1996) . Also, their high solubility in water allows the use of this kind of substance in a wide range of industrial and laboratory operations. On the other hand, the excellent thermal and chemical stability are other interesting characteristics for the use of this kind of substance as solvent.
In present work the gas-liquid contactor was a bubble column because this kind of equipment shows an effective behaviour with a simple construction and operation (Stoyan et al., 2007) . This device generally has excellent heat and mass transfer characteristics, little maintenance and low operating costs (Kantarci et al., 2005) . Important variables must be taken into account working with bubble columns: gas hold-up, bubble characteristics (size, shape, rise velocity, contamination) (Lage, 1999) , flow regime, mass transfer, etc (Martínez and Casas, 2012) . Different studies (Darmana et al., 2005; Cents et al., 2004) indicate that several phenomena influence these variables: chemical reaction, mass transfer and fluid flow. Thus, all of these must be taken into account to model, simulate and scale-up absorption processes in bubble columns.
MATERIALS AND METHODS
2-Pyrrolidone, P (CAS number: 616-45-5), 1-methyl-2-pyrrolidone, MP (CAS number: 872-50-4) and 1-ethyl-2-pyrrolidone, EP (CAS number: 2687-91-4) were supplied by Fluka with a purity ≥ 99% for 2-pyrrolidinone, and ≥98% for the other alkyl-pyrrolidones. Commercial grade carbon dioxide of 99.998% purity, supplied by Carburos Metálicos, was also used as gas phase in this work.
The gas-liquid contactor employed in the hydrodynamics and gas absorption studies performed in the present work was a square bubble column (6 cm×6 cm×110 cm) with a liquid volume of 3 litres (see Figure 1 ). The gas sparger was a glass capillary with only one orifice to produce a small number of bubbles. The bubble diameter was measured using a photographic method based on images taken along the bubble column using the experimental procedure described in a previous work . Carbon dioxide mass transfer from the gas phase to the liquid one was studied on the basis of the difference between inlet and outlet gas flow-rate in the bubble contactor. The gas phase is put in contact with pure water to saturate the gas and to remove the resistance to the mass transfer of water from the liquid to the gas phase. The gas flow-rate fed to the bubble column was measured and controlled with two mass flow controllers (Alicat Scientific). The mass flow controllers employed in the present study for the gas flow-rate and the pressures were calibrated by the supplier for pure carbon dioxide streams. The operation regime employed in the absorption experiments was continuous in relation to the gas phase and batch regarding the absorbent liquid. 
RESULTS AND DISCUSSION

Gas-Liquid Interfacial Area
An example of the photographs used to obtain the abovementioned bubble size distribution is shown in Figure 2 . We can also observe in this figure the influence caused by the presence of one solute (methyl-2-pyrrolidone, MP) on the bubble size. Photographs indicate that, for aqueous solutions of MP, an increase of solute concentration in the liquid phase could produce a decrease in the bubble size because an increase in the number of bubbles is clearly observed. This behaviour is inconsistent with the fact that an increase in the value of MP concentration produces an increase in the liquid phase viscosity (George and Sastry, 2004) . The increase in this physical property usually produces an increase in the bubble size (Gómez-Díaz et al., 2009a) , but the concentration range used in this work did not produce large changes in liquid phase viscosity. On the other hand, the presence of this kind of substance also produces important changes in other physical properties that could cause an important influence on the bubbles size produced in the contactor. For this kind of substance, the effect caused by small concentrations on the surface tension value (García-Abuín et al., 2008) indicates a behaviour similar to aqueous surfactant solutions (Gómez-Díaz et al., 2007) . This behaviour comprises a dramatic decrease in the surface tension value with the addition of very low solute quantities, caused by the accumulation of this kind of molecule at the gas-liquid interface. When surfactants are present in the liquid phase, there is a difference with the present experimental systems because the surfactant concentration range does not influence the liquid viscosity (Gómez-Díaz et al., 2007) . In relation to the previously analysed effect of surface tension on the bubble diameter (Sardeing et al., 2006) , a decrease in this physical property produces a decrease in the bubbles size, in agreement with the behaviour shown in Figure 2 .
The bubble images processing (photographs shown in Figure 2 , for instance) provides the bubble size distribution under the different experimental conditions. An example of the results obtained for bubble size distribution produced in the bubble contactor is shown in Figure 3 . This figure shows that, under certain operational conditions, the use of aqueous solutions of P produces more bubbles for all the diameter ranges than in the case of aqueous solutions of MP and EP. In relation to gas hold-up, a similar behaviour was found for different solutes, the most important parameter being bubble diameter. As was mentioned in the experimental section, the calculated Sauter mean diameter as well as the gas hold-up data have been used to calculate the gasliquid interfacial area. Figure 4 shows the values for the gas-liquid interfacial area determined by this methodology. We can observe in this figure the influence of the gas flow-rate (superficial gas velocity) fed to the bubble contactor and also the influence of MP concentration on interfacial area. In relation to the first operational variable (gas flowrate), an increase in this variable produces an increase in the interfacial area, tending to a constant value at high superficial gas velocity. This behaviour has been commonly observed in the literature (Yang et al., 2001; Krishn and van Baten, 2003) , since an increase in this variable produces an increase in the gas hold-up (with positive influence on the interfa-cial area). At the same time, an increase in superficial gas velocity produces an increase in the bubble size, but this fact has a negative influence on the gasliquid interfacial area. Taking into account the data shown in Figure 4 , the influence of gas hold-up is higher for low superficial gas velocities, and an important increase in the interfacial area is observed from 18 to 30 L·h -1 ; however, when higher values of this variable are fed into the bubble column, the negative influence of the bubble size compensates the positive effect from gas hold-up. On the other hand, in relation to the influence of the liquid phase composition (MP concentration in Figure 4 ), the observed behaviour was an increase in the value of the gas-liquid interfacial area when MP concentration increases in the liquid phase. This behaviour is related to the previous discussion about the photographs shown in Figure 2 , and the influence of physical properties on the bubble size. The conclusion reached in Figure 2 indicates that an increase in the MP concentration produces a decrease in the bubble diameter. This fact is in agreement with the data calculated for the gas-liquid interfacial area, shown in Figure 4 . This behaviour is due to the important decrease in the surface tension value when the MP concentration increases in the liquid phase (García-Abuín et al., 2008) . This phenomenon produces a decrease in bubble size that has been confirmed in different studies Painmanakul et al., 2005) . The effect caused by the surface tension is higher than the possible influence of viscosity (increase in bubble diameter) due to the concentration ranges, because the composition used in this work has a higher influence on surface tension than on viscosity (George and Sastry, 2004; García-Abuín et al., 2008) .
In relation to the influence of gas-flow-rate on the interfacial area value, the behaviour observed is similar to that in Figure 4 . But the influence of solute concentration on the interfacial area indicates significant differences, as shown in Figure 5 . Thus, for aqueous solutions of MP and EP, an increase in the value of the gas-liquid interfacial area is observed when the MP and EP concentration increases in the liquid phase, due to the reduction in bubble diameter caused by the decrease in surface tension. For aqueous P solutions, the behaviour consists of the absence of an influence of solute concentration, obtaining a constant value of gas-liquid interfacial area. This behaviour could be due to the fact that the presence of P causes a smaller decrease in surface tension value than that caused by the other alkyl-pyrrolidones (García-Abuín et al., 2008) . The influence of viscosity could then inhibit the effect caused by surface tension for aqueous P solutions. The experimental data corresponding to the interfacial area indicate that the alkyl-substituted pyrrolidones show a similar behaviour in relation to the hydrodynamic parameters analysed in this study, with clear differences for aqueous P solutions that could affect the global mass transfer process. Taking into account the experimental results corresponding to interfacial area, aqueous solutions of P do not show good characteristics as a MP substitute. On the other hand, aqueous EP solutions show a behaviour similar to aqueous MP solutions and, for this reason, the better safety characteristics make EP a suitable substitute. 
Mass Transfer Coefficient
The present work also includes studies of the process of carbon dioxide mass transfer to aqueous solutions of alkyl-pyrrolidones. Both parameters are important to understand the absorption process of this gas in these aqueous solutions. As a preliminary step, different studies have been carried out in order to determine the kind of absorption (physical or chemical) that takes place in the systems analysed in this work. This previous study is necessary since, in research works developed by our research team, the reaction between carbon dioxide and pyrrolidine (García-Abuín et al. 2011) was detected. Due to the similar chemical structure and the presence of an amino group, it was necessary confirm the absorption type for each system. These studies were developed using an experimental procedure previously described (García-Abuín et al. 2011). The experimental results showed that all the alkyl-pyrrolidone aqueous solutions produce physical absorption, with the inhibition of the chemical reaction by the presence of the ketone group, that reduces the electron density on the amino group. This fact avoids the reaction between carbon dioxide and the amino group. Physical absorption experiments were performed using the same bubbling contactor used in the previous section (hydrodynamic studies) to put both phases in contact, under the different experimental conditions (type of solute, concentration of solute and gas flow-rate), and the volumetric mass transfer coefficient (k L ·a) was calculated using the integrated form of Equation (1). Figure 6 shows that the slope of the plot is higher for the experiment in the absence of P, in comparison with the presence. (1) Figure 7 shows that an increase in solute concentration always produces a decrease in the value of the volumetric mass transfer coefficient. However, this decrease is more important for aqueous solutions of P, mainly at low solute concentration in the liquid phase. This behaviour is in agreement with the previous studies performed in this work, since a lower value was previously observed for the specific gasliquid interfacial area (parameter included in the volumetric mass transfer coefficient) for aqueous solutions of P than for solutions of MP and EP.
Taking into account the observed behaviour for systems with MP and EP in the previous section: an increase in the concentration of these substances in the liquid phase produces an increase in the interfacial area value, but Figure 6 shows a decrease in the value of the volumetric mass transfer coefficient (the opposite behaviour to interfacial area). This behaviour implies that the effect caused by the presence of this kind of substance on the mass transfer coefficient (k L ) is more important than the corresponding influence on the gas-liquid interfacial area. The decrease in the value of the volumetric mass transfer coefficient previously described (for P aqueous solutions) was observed for all the experimental systems, as well as for all the gas flow-rates employed in this work in the bubble contactor (see Figure 8 ). The effect caused by P concentration is similar in all cases, but the superficial gas velocity produces an increase in the value of the volumetric Brazilian Journal of Chemical Engineering mass transfer coefficient caused by the increase in the gas-liquid interfacial area, due to the superficial gas velocity (see previous section and Figure 4) . The increase in the superficial gas velocity could also produce an increase in the value of the mass transfer coefficient (Hashemia et al. 2009 ), but certain studies have shown a lack of influence of this variable on this parameter (Gómez-Díaz et al., 2006; Vasconcelos et al., 2003) . Taking into account that the volumetric mass transfer coefficient and the gas-liquid interfacial area were determined in the present work under different operational conditions, the mass transfer coefficient could be calculated as the quotient between the volumetric mass transfer coefficient and the specific interfacial area. Let us then analyse the effect of experimental variables (type of solute and concentration, and superficial gas velocity) on mass transfer, removing the influence caused by the interfacial area. Figure 9 shows an example of the calculated results for the mass transfer coefficient. These results indicate once again a difference between the behaviour for aqueous solutions of P in relation to that of MP and EP aqueous solutions. In all cases, a similar behaviour, previously commented for the volumetric coefficient, is observed: a decrease in the mass transfer coefficient for all systems when the solute concentration increases, but with a higher decrease in this coefficient at low P concentration. For this system (aqueous solutions of P), a constant value of the mass transfer coefficient is reached; however, for aqueous solutions of MP and EP, a continuous decrease is observed in all the composition range. The same behaviour was observed for the other gas flow-rates employed in the present work (see Figure  10) . At low amide concentration, P aqueous solutions take values for the mass transfer coefficient lower than for MP and EP solutions. This fact is due to a better bubbling distribution in these last systems because it produces a better turbulence in the liquid phase, increasing the mass transfer rate. In relation to the fact that the presence of this kind of substance produces a decrease in the value of the mass transfer coefficient, this behaviour is produced due to the trend of this kind of solute to accumulate molecules at the gas-liquid interface, as can be observed in the surface tension values (García-Abuín et al., 2008) . The presence of molecules in the gas-liquid interface generally causes a decrease in the mass transfer rate due to an increase in transport resistance because the gas diffusivity near to the interface is reduced (Jamnongwong et al. 2010) . The accumulation of a compound at a gasliquid interface can be analysed on the basis of adsorption isotherms (Sardeing et al., 2006) . Previous studies that analysed this kind of system in gasliquid absorption have employed the Langmuir isotherm to evaluate the accumulation of molecules at the gas-liquid interface (Sardeing et al., 2006) . The accumulation of P molecules at the interface is shown in Figure 10 , that indicates the degree of accumulation on the basis of the S e parameter (surface coverage ratio), where S e = 1 indicates the maximum accumulation and S e = 0 indicates a free gasliquid surface (Hebrard et al. 2009 ). The solute concentrations employed in the present work produce accumulation degrees near to saturation (see Figure  11 ) and hence an important number of molecules are located at the gas-liquid interface. The procedure of accumulation at the gas-liquid interface commonly produces a reduction in the value of the mass transfer coefficient (Vasconcelos et al., 2003; Hebrard et al., 2009; Gómez-Díaz et al., 2009b) . Different studies that use surfactants (compounds that tend to accumulate at the interface), have concluded that the accumulation of molecules at the gas-liquid interface also reduce the liquid renewal at the interface, and then produces a decrease in the mass transfer rate. At the same time, for the systems employed in this work (aqueous solutions of alkyl-pyrrolidones), the increase in the solute concentration near the interface produces an increase in the viscosity value (George and Sastry, 2004; Blanco et al., 2010 ). An increase in viscosity produces a decrease in the gas diffusivity in the liquid phase, and this effect causes a decrease in the mass transfer rate. Thus, the accumulation of these substances at the gas-liquid interface is responsible for the reduction in the value of the mass transfer coefficient because it increases the resistance to mass transfer.
Given the difference in the behaviour of aqueous solutions of MP and EP compared with the trend obtained for aqueous solutions of P, it is necessary to take into account the previous discussion about the bubble size; more specifically, the influence of composition on the bubble diameter. A different influence of solute concentration on the bubbles diameter for aqueous solutions of MP and EP in comparison with solutions of P was observed in the previous section. This is due to the fact that the first two produce a decrease in the bubble diameter when the MP or EP concentration increases in the liquid phase, while a lack of influence of P concentration on the bubble size was observed. Taking into account this behaviour and the previous studies (Sardeing et al. 2006; Caldernak and Moo-Young, 1961; Higbie, 1935 ) that have concluded a clear influence of the bubble size on the mass transfer rate (small bubblesrigid bubbles-show a lower mass transfer rate than large bubbles -mobile ones-), the trends shown in Figures 9 and 10 can be explained. When the MP and EP concentration increases in the liquid phase, a decrease in the bubble size is produced and it causes a decrease in the mass transfer rate and, therefore, of the mass transfer coefficient (caused by the accumulation of molecules and for the bubble size decrease). On the other hand, for aqueous P solutions, the bubble diameter remains practically constant and the mass transfer coefficient reaches a constant value after the first decrease (at low concentrations) caused by the accumulation of P molecules at the gas-liquid interface, which produces a decrease in gas diffusivity. An increase in P concentration above 0.1 mol·L -1 does not produce a decrease in the mass transfer coefficient because the surface coverage does not increase significantly. In the same way as previously commented for the gas-liquid interfacial area, aqueous EP solutions show a similar behaviour to aqueous MP solutions. For this reason EP can be a suitable substitute in absorption processes for gas purification that use MP, taking into account the fact that EP shows lower risk characteristics than MP.
CONCLUSIONS
The use of pyrrolidones in aqueous solution in absorption produces important changes in the gasliquid interfacial area in the majority of cases caused by the influence of this kind of substance on bubble size. More specifically, the use of MP and EP in aqueous solutions produces an important decrease in the bubble diameter, producing an enhancement of interfacial area between the gas and liquid phases. On the other hand, P does not produce this kind of change because the decrease caused by pyrrolidones in surface tension is lower for P. Also, the presence of P produces a higher increase in the liquid phase viscosity than MP and EP.
In relation to mass transfer, the presence of all amides used in the present work produces a decrease in the mass transfer coefficient with a larger effect caused by P. The decrease in the mass transfer coefficient is due to the trend of these substances to accumulate at the gas-liquid interface, increasing the viscosity near to the interface, which produces an increase in the resistance to mass transfer. This effect is higher for aqueous solutions of P due to the important effect of this solute on viscosity.
On the basis of the present results, EP is a suitable substitute for MP in separation processes since aqueous solutions of EP show a similar absorption rate but do not have the hazardous characteristics of aqueous MP solutions.
Though the presence of MP in the present study produces a decrease in the mass transfer rate, it is used as an industrial scale process for gas purification. The bubble column used in the present work, as well as the concentration range, produced a decrease in the value of the mass transfer coefficient in comparison with pure water. Overall, the experimental results show a similar behaviour for MP and EP aqueous solutions and for this reason EP is a suitable substitute of MP.
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